Many insects are highly resistant to plant toxins, such as the cardiac glycoside ouabain. How can the epithelia that must handle such toxins, also be refractory to them? In Drosophila, the Malpighian (renal) tubule contains large amounts of Na ؉ ,K ؉ ATPase that is known biochemically to be exquisitely sensitive to ouabain, yet the intact tissue is almost unaffected by even extraordinary concentrations. The explanation is that the tubules are protected by an active ouabain transport system, colocated with the Na ؉ ,K ؉ ATPase, thus preventing ouabain from reaching inhibitory concentrations within the basolateral infoldings of principal cells. These data show that the Na ؉ ,K ؉ ATPase, previously thought to be unimportant, may be as vital in insect tissues as in vertebrates, but can be cryptic to conventional pharmacology. Na ϩ ,K ϩ ATPase ͉ organic anion transporting polypeptide ͉ oatp ͉ Drosophila melanogaster ͉ Malpighian tubule
M
any insects have diets that expose them to highly toxic plant metabolites, such as glycosides, and even those that do not may be refractory to their actions. Historically, this has been explained by several mechanisms, such as detoxification (1, 2) , direct excretion (3), or storage excretion (4), sometimes coupled by active resorption of the toxin (3) . In some cases, critical residues in target proteins have been found to have mutated to confer resistance (5) . These plant and insect strategies can be seen as an ''arms race'' between herbivores and their host plants (6) .
Ouabain, a known, potent inhibitor of the Na ϩ ,K ϩ ATPase (7), fails to inhibit fluid secretion by the Malpighian (renal) tubules of many insects, including Drosophila melanogaster (8, 9) , Formica polyctena (10) , the New Zealand Alpine weta (11) and Glossina morsitans (12) . Indeed, in the bloodsucker Rhodnius, it can mildly increase fluid secretion rates (13) . Accordingly (and in contrast to the vertebrate literature), the universal basolateral Na ϩ ,K ϩ ATPase is not seen as important in most insect epithelia, which are almost invariably energized by an apical plasma membrane proton-motive V ATPase (14) (15) (16) (17) . This pump provides a convenient explanation for the apparent absence of ouabain-sensitive ATPase; the basolateral membrane is seen as being dominated by potassium channels, rather than pumps.
However, there are problems with this model. In Drosophila the Na ϩ ,K ϩ ATPase ␣-subunit is encoded by a single copy gene, contains high-affinity ouabain binding sites, and is exquisitely sensitive to ouabain in vitro (18) , with IC 50 Ϸ 10 Ϫ7 M. Significantly, immunocytochemistry has also shown that Na ϩ ,K ϩ ATPase is abundantly expressed in Malpighian tubule (18) . However (as in other insect tubules), ouabain has either no (8) or little (9) effect on fluid secretion, even at concentrations of 10
Ϫ3
M. This is the ''ouabain paradox.'' Using Malpighian tubules from wild-type (Oregon R) flies, secretion assays confirm that ouabain, even at 10 Ϫ3 M, has no effect on the rate of fluid secretion (8) (Fig. 1A) . However, immunocytochemistry ( Fig. 1 C and D) shows that, within the main, fluid-secreting segment of tubules, the Na ϩ ,K ϩ ATPase is abundant, but only in principal cells [as seen by the excluded stellate cells, identified by their smaller nuclei (19) Fig. 1C ], and that it is localized to the basolateral membrane. The basolateral localization was confirmed by comparison with an apically localized protein, a GFP-tagged V ATPase subunit (Fig. 1D) . These results confirm earlier reports of Na ϩ ,K ϩ ATPase expression in tubule (18) , but additionally identify the cell type and the subcellular localization.
If the Na ϩ ,K ϩ ATPase in principal cells is playing a functional role, then flies mutant for the Na ϩ ,K ϩ ␣-subunit might show defective urinary function. Accordingly, fluid secretion assays were performed on flies heterozygous for a lethal P-element insertion (20) ; these thus carry only one functional copy of the ␣-subunit. Basal secretion rates were similar to wild-type, but after neuropeptide stimulation with capa-1͞Drosokinin (10 Ϫ7 M), the P{ATP␣}͞TM3 tubules show a significantly reduced fluid secretion response compared with wild-type tubules (Fig.  1B) . The Na ϩ ,K ϩ ATPase is thus abundant in the main iontransporting cell type and functionally important, but anomalously refractory to ouabain.
To resolve this paradox, we hypothesized that the basolateral Na ϩ ,K ϩ ATPase might be protected by a colocated active ouabain excretory mechanism. The basolateral membrane of the tubule is thrown into deep infoldings and underlain by a basement membrane (21) , so it is possible to imagine a standing gradient of ouabain such that most of the Na ϩ ,K ϩ ATPase is not exposed to inhibitory concentrations of ouabain, even when very high concentrations are added to the bathing solution. This postulated transport is plausible, because Malpighian tubules excrete organic solutes, such as dyes and acylamides, by an active transport process (22) . In addition, the Malpighian tubules of Oncopeltus fasciatus were reported to excrete ouabain, although only passively (3). However, here, we show that active transport exists, characterize it, localize it to the same cell type and membrane as the Na ϩ ,K ϩ ATPase, and identify by reverse genetics at least one gene responsible.
Experimental Procedures
Drosophila. Oregon R flies were kept on standard medium in tubes at 25°C, 12:12 h photoperiod, and 55% relative humidity. For dissection, flies were anaesthetized by chilling on ice and decapitated before dissecting out tubules in Schneider's medium. Fluid secretion assays were performed as described (8) . All chemicals and drugs were obtained from Sigma.
For RNA interference (RNAi) constructs, a hairpin loop (23, 24) , directed against 283 bp of the coding region of 58Db, and with a 501-bp spacer, were cloned into pP{UAST} (25) , and germ-line transformed into w 1118 embryos, according to standard protocols. Expression in principal cells was driven with line c42 (26, 27) .
Tubule Ouabain Transport Assays. Ouabain was labeled 3 H ouabain (Amersham Pharmacia) and added to tubule secretion assays as described above. Secreted fluid was collected over the next 2 h, the volume measured, and counted in Optiflow SAFE scintillant.
Transport ratios were calculated as the ratio of specific activities of secreted:bathing fluid. Values Ͼ1 thus imply concentration of ouabain by the tubule.
TLC.
After ouabain transport assays as described above, 1-l aliquots of secreted fluid and of authentic 3 H ouabain were dried onto a 20 ϫ 20 cm Polygram Sil G͞UV254 plate (Machery-Nagel GmbH, Düren, Germany), and run out by using PBS (pH 7) as eluent. This system produces R f values around 0.5 for ouabain, and so should be capable of resolving small differences in mobility. Plates were visualized with a Fuji PhosphorImager with tritium plates, and R f values measured with NIH IMAGE 6.1. (29) for 10-15 min, and tubules were examined immediately by confocal microscopy (Zeiss 510 Meta).
Imaging. For Na
Oatp anti-peptide antibodies were raised in rabbit (by Genosphere, Paris) and affinity purified according to standard protocols. The epitopes used were: 30B, YTNPSFEQESDQPPD; 33Ea, DQPITPLLAKKSEQE; 33Eb, QPESPRPQSPETDF; 58Db, DEKTVQAKQSDDIE; 58Dc, LKIFDEDVKEVEMK; and 74D, PASNGRTLEVSESK. An N-terminal cysteine was added to permit conjugation to BSA. Tubule immunocytochemistry was as described (30) , by using either a Zeiss Ortholux or Zeiss 510 Meta confocal microscope.
Expression in NIH 3T3 Cells. NIH 3T3 cells were grown in DMEM at 37°C in 5% CO 2 . ORFs were amplified, cloned into pcDNA3.1͞V5-His-TOPO (Invitrogen), and verified by sequencing. Cells were transiently transfected by the calcium phosphate method, and grown on for 24 h before use. Cells were harvested for Western analysis, by standard protocols, to verify the specificity of the antibodies. For transport assays, cells were seeded into multiwell dishes, and 3 H-labeled ouabain (Amersham Pharmacia) was added to 10 Ϫ6 M for 30 min. Cells were ruptured with ice-cold 5% trichloroacetic acid and counted by using Optiflow SAFE scintillant. Uptake was expressed as a percentage increase in counts, compared with matched mocktransfected controls.
Results and Discussion
Tubule Sensitivity to Ouabain Can Be Unmasked by Organic AnionTransporting Polypeptide (oatp) Substrates. In vertebrates, the oatp family transport a wide range of organic solutes, and some members are known to transport ouabain. Accordingly a cardinal oatp substrate, taurocholate, was used in competition assays to determine whether it could unmask the tubules' sensitivity to ouabain. Fig. 2A shows that this is the case: taurocholate at 6 ϫ 10 Ϫ4 M [chosen as the highest concentration that does not affect secretion: (31) ] unmasks Malpighian tubule sensitivity to ouabain. [It should be noted that, in these and other results, ouabain reduced fluid secretion by 50-60%, but not by 100%; the ouabain-insensitive component is believed to reflect K ϩ entry through basolateral potassium channels and Na ϩ ͞K ϩ ͞ 2Cl Ϫ cotransporters (9, 32, 33) .]
The experiment was repeated by using various concentrations of ouabain (10 Ϫ8 M to 10 Ϫ3 M) in the presence or absence of taurocholate at 6 ϫ 10 Ϫ4 M to generate ouabain dose-response curves (Fig. 2B ). In the presence of taurocholate, the IC 50 for ouabain is between 10 Ϫ7 M and 10
Ϫ8
M. This result is in close agreement with the published IC 50 for Drosophila Na Ouabain Is Actively Excreted by the Tubule. Passive ouabain transport, as has been reported (3), would not suffice to bring ouabain to low levels in the basolateral space; an active transport mechanism would be needed. To test this possibility, the excretion of radiolabeled ouabain in urine was followed at concentrations ranging from 10 Ϫ8 M to 10 Ϫ3 M. Transport ratios (34) for each concentration are shown in Fig. 2C . At low bathing concentrations, ouabain is concentrated in the secreted fluid: the transport ratio for each of these concentrations is between 3 and 4. At very high concentrations, saturation of the active transport is reflected by the transport ratio tending to 1, implying that diffusional processes dominate.
The oatps are multispecific transporters, with broad substrate ranges. Several such substrates were selected for competitition assays with ouabain. Taurocholate, sulfobromopthalein (BSP), prostaglandin E 2 (PGE 2 ) and phenol red completely abolish active transport of ouabain (Fig. 2D) , whereas the cyclic nucleotides cAMP and cytidine 2Ј,3Ј-cyclic monophosphate (cCMP) do not. Additionally, the fluorescent ouabain analogue, 9-anthroyl ouabain (29) , is taken up by principal cells only (Fig. 2E) , locating the transport to the same cell type that contains high levels of Na ϩ ,K ϩ ATPase. Although ouabain could be removed from the haemolymph by intracellular ''storage excretion,'' or modified before being excreted, the counts in the secreted fluid have precisely the same mobility by TLC in aqueous solvent as labeled ouabain (Fig. 2F) , and fewer than 1% of counts remain in the tubule at the end of the experiment (data not shown). We thus believe that virtually all transported ouabain passes into the lumen unmodified.
Strictly, active transport is demonstrated by net flux against an electrochemical gradient. Ouabain is a rhamnose glucoside, and thus uncharged at neutral pH (35, 36) ; thus, its transport should be unaffected by transepithelial potential. Consistent with this finding, transport of ouabain was similar both at rest and when the tubule was stimulated by the diuretic neuropeptide leucokinin, which collapses the transepithelial potential to near zero (37) (data not shown). So concentration of ouabain in secreted fluid, and a demonstration that it passes unchanged through the tubule, are sufficient to assert that ouabain moves by (primary or secondary) active transport.
Identification and Functional Characterization of the Drosophila oatp
Family. From Fig. 2D , it is clear that ouabain is actively transported with a pharmacology characteristic of the oatp family: in vertebrates, oatps can transport ouabain, taurocholate, sulfobromopthalein, and prostaglandin E 2 , but not cyclic nucleotides.
Eight putative Drosophila oatp genes were identified by sequence similarity to vertebrate members. Each of these putative Drosophila members was named according to the chromosome region to which it mapped (Fig. 3A) . Two of these genes are located together at chromosomal location 33E, with another three genes clustered together at chromosomal location 58D. The remaining oatp genes are dispersed through the genome. A similar number of oatp genes are conspicuous in the Anopheles genome (data not shown), confirming that the oatps are not unique to Drosophila among insects.
The similarity between these Drosophila genes and vertebrate oatp members is shown in the gene tree in Fig. 3A . Interestingly, although six of the eight Drosophila genes contain the oatp family consensus (38) , and all are clearly oatps, the insect sequences are relatively divergent from human. This finding might be expected if there is a selective pressure on insects to adapt to new plant defenses. Oatps 33Ea and 33Eb share a relatively high level of sequence similarity, although they are also closely related to oatp 74D. This is also the case with oatps 58Da, 58Db and 58Dc.
RT-PCR, using primers designed specifically for each Drosophila oatp gene, showed that six of the eight oatp genes (namely oatps 30B, 33Ea, 33Eb, 58Db, 58Dc, and 74D) were expressed in the Malpighian tubules (Fig. 3Bi ). Subsequently, it proved possible to validate these results with a microarray dataset for tubule (39) ; the agreement is excellent (Fig. 3Bii) . Antibodies were generated against the tubule-expressed proteins, and Western blot analysis confirmed expression of these oatps at the protein level (Fig. 3Biii) . Immunocytochemical analysis (Fig. 3Biv ) placed oatps 30B, 58Db, and 58Dc at the basolateral membrane, oatps 33Ea and 74D to intracellular organelles, and oatp 33Eb to the boundaries between stellate and principal cells and also between principal cells.
Each of the tubule-expressed oatps was expressed in NIH 3T3 cells, and ouabain uptake was measured. Three of them (30B, 33Eb, and 58Db) were capable of significant ouabain transport (Fig. 3Bv) .
RNAi Confirms a Role for oatp58Db in Malpighian Tubule Active
Ouabain Transport. The observation that three of the oatps were capable of taking up ouabain made them candidates for the basolateral entry step in the ouabain transport pathway. The gene oatp58Db was selected for further study, as it was abundant, localized to the basolateral membrane, and showed high rates of active transport in vitro (Fig. 3) . Existing mutants of this gene were unavailable, so flies were generated (UAS-oatp58Db-RNAi) that were transgenic for a hairpin loop construct that would be transcribed to double-stranded RNA, under control of the UAS promoter (24) . Expression of the RNAi construct was achieved by crossing to the c42 GAL4 enhancer trap line, which drives expression in principal cells only (26, 27) . Western blot analysis confirms strong down-regulation of oatp58Db protein levels in the c42͞UAS-oatp58Db-RNAi Malpighian tubules, with normal expression of the protein level apparent in the c42 and UAS-oatp58Db-RNAi parental lines (Fig. 4A) . The anti-Na ϩ ,K ϩ ATPase antibody was used as a loading control and showed that there was no nonspecific knockdown of transcription. Pheno- (iii) For Western blots, affinity purified antibodies against nonconserved regions of each protein were used on NIH 3T3 cell extracts. In each case, the single band is of the predicted size (30B, 126; 33Ea, 79; 33Eb, 75; 58Db, 81; 58Dc, 88; and 74D, 85 kDa), also confirming specificity. (iv) Immunocytochemistry (ICC): the same antibodies were used to identify protein and its location in tubules. (v) Ouabain transport: each reading frame was expressed heterologously in NIH 3T3 cells, and radioactive ouabain uptake was measured and expressed as a percentage relative to mock-transfected controls (mean Ϯ SEM, n ϭ 6).
typic analysis of the c42͞UAS-oatp58Db-RNAi Malpighian tubules reveal that they transport significantly less ouabain than either the c42 or UAS-oatp58Db-RNAi parental lines (Fig. 4B) . The residual transport activity may reflect residual oatp58Db protein or additional contributions from other transporters; nonetheless, the data show the importance of oatp58Db in ouabain excretion.
Conclusions
Taken together, these results both delineate and resolve the ouabain paradox in a genetically tractable model organism. It will be interesting to test the generality of this model in related insect species, for example the Dipteran vectors of human and animal disease. The oatps may be significant targets for insecticides, not just in their own right, but because their broad specificities may permit excretion of otherwise useful insecticides.
More generally, these results illustrate the general principle that basic problems in physiology can be addressed powerfully and fairly quickly by a combination of forward and reverse genetics, bioinformatics, biochemistry, and physiology in an appropriate genetic model organism, an approach we have termed ''integrative physiology'' (40).
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